An in vitro isolated whole spinal cord preparation has been developed in 'motor functionally mature' mice; that is mice of Ž . developmental maturity sufficient to weight-bear and walk. In balbrc mice this stage occurs at around postnatal day 10 P10 . Administration of strychnine elicited synchronous activity bilaterally in lumbar ventral roots. Rhythmic alternating locomotor-like activity Ž . Ž . could be produced by application of a combination of serotonin 5-HT , N-methyl-D-aspartate NMDA , and dopamine in animals up to P12. Using a live cell-dead cell assay, it is demonstrated that there are primarily viable cells throughout the lumbar spinal cord. The viability of descending pathways was demonstrated with stimulation of the mid-thoracic white matter tracts. In addition, polysynaptic segmental reflexes could be elicited. Although usually absent in whole cord preparations, monosynaptic reflexes could invariably be elicited following longitudinal midline hemisection, leading to the possible explanation that there might be an active crossed pathway producing presynaptic inhibition of primary afferent terminals. The data demonstrate that this functionally mature spinal cord preparation can be used for the study of spinal cord physiology including locomotion. q
Introduction
The classical preparation to study mammalian spinal cord physiology is the in vivo anaesthetised or decerebrate Ž w x. cat see Ref. 3 . Two decades ago, Otsuka and Konishi w x 21 developed an in vitro spinal cord preparation using the neonatal rat. This preparation attracted the interest of many researchers, and has proved to be a very powerful tool for w x the investigation of spinal cord networks 10,18 . However, the use of neonatal animals has limited studies addressing the developmental changes underlying functional maturaw x w x tion to embryonic 22 and pre-weight-bearing 13 stages. Some progress has been made in utilising older animals w x w x w x including mice 1,4,11,24 , rats 19 , and hamsters 2 . Increasing myelination and spinal cord size in the older animals are thought to impede oxygen diffusion into the centre of the cord; therefore most of these investigators use preparations hemisected along the longitudinal midline. The hemisected cord is adequate for the study of intrinsic neuronal properties and some simple reflex circuits, but it cannot be employed in the study of spinal cord networks, especially those involving left-right co-ordination. To date, success of isolated non-neonatal whole spinal cord prepaw x rations has been reported only in the hamster 2 .
The use of mice in the application of transgenic technology has widened interest in this species. However, although smaller than that of rats, it seems to be more difficult to maintain a viable mouse spinal cord in vitro, in particular for the study of motor systems. It has been reported that in spinal cords taken from mice weighing w x more than 15 g, it is 'difficult to evoke much activity' 1 . Even in neonatal mice, there are only sporadic reports of spontaneous and evoked activities from the in vitro spinal w x cord 5,6,12,23 . Rhythmic activity similar in quality to that shown in the isolated neonatal rat spinal cords has not been shown in the mouse. In this paper, we describe an in vitro whole spinal cord preparation in mice at a stage which is defined here as being 'motor functionally mature': that is, they can bear weight and walk freely with the ventral surface of the body above the ground. This occurs by postnatal day 10 in balbrc mice. By using a combination of neurotransmitters that differs from those used to 0006-8993r99r$ -see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž . PII: S 0 0 0 6 -8 9 9 3 9 8 0 1 1 9 9 -8 ( )evoke rhythmic alternating activity in the neonatal rat spinal cord, locomotor-like rhythmicity could be elicited in spinal cords from motor functionally mature mice. Some w x of these data have been presented in abstract form 15 .
Materials and methods

Ž
. Balbrc mice up to postnatal day 22; 16 g were Ž anaesthetised by intraperitoneal injection of ketamine 100 . Ž . mgrkg and xylazine 30 mgrkg . Their bodies were submerged in ice water for approximately 3-4 min before w x decapitation 24 . The spinal column, pelvic girdle and hind limbs were immediately cut free, immersed in ice Ž . cold dissecting artificial cerebral spinal fluid aCSF and pinned to the bottom of a Sylgard-lined petri dish. The aCSF was continuously bubbled with 95% O r5% CO 2 2 throughout the experiments. The tissue was initially kept cold by placing the dish on a bed of ice. Under a dissecting microscope, the spinal cord from the mid-cervical to sacral levels was exposed by removing the vertebrae. Dura mater was then cut open and the anterior spinal artery was dissected and removed. We believe that this is a key point in enhancing oxygen diffusion into the cord. The spinal roots were then cut close to both sides of the spinal cord except for the lumbar roots which were cut just proximal to the dorsal root ganglia. The spinal cord was floated out of the spinal canal by dissecting all further connective tissue. The dorsal dura mater and any remaining adherent connective tissues were carefully removed. After sitting on ice for another 5 min, the bath solution was replaced with Ž . cold 48C regular aCSF and the dish was removed from the ice bed and allowed to acclimatise to room temperature Ž . 20-228C for at least 1 h prior to recording. To ensure viability of the spinal cord, meticulous attention to each of these details in the isolation was necessary. The experimental procedure was approved by the University of Manitoba Animal Care Committee and conforms to the standards of the Canadian Council of Animal Care.
Dissecting and recording were both performed in one 30 ml Sylgard-lined dish. 26, glucose 10. Drugs were prepared as stock solutions of different concentrations and applied directly into the bath. The concentrations given are those in the bath solution. Washout was achieved by the complete exchange of the bath contents at least three times at 2 to 5 min intervals to allow diffusion of the drug out of the tissue.
Suction electrodes were used to record activity from the lumbar ventral roots. The signals were high pass filtered between 1 and 30 Hz and low passed filtered at 3 kHz before digitising using a Digidata 1200B and Axoscope Ž . software Axon Instruments at sampling rates of 2-20 kHz.
Segmental reflexes were elicited by stimulating the dorsal lumbar roots using constant current stimulation Ž0.2-1 mA, 200 ms, -0.5 Hz; Isolator-11 Stimulus Isola-. tion Unit; Axon Instruments through bipolar tungsten Ž . electrodes World Precision Instruments . Descending pathways were stimulated by inserting the tungsten elec-Ž . trode through the pia of the ventrolateral funiculus VLF of the mid-thoracic cord. In some experiments, longitudinal midline hemisection of the spinal cord was performed using a fine insect pin. One half of the spinal cord was then pinned to the bottom of the petri dish with the cut surface up.
In two animals, the viability of the spinal cord was w x examined using a live cell-dead cell assay 16 . Fluores-Ž . . cein diacetate FDA, Sigma; 25 mgrml can be used as a marker for live cells, as it passes through the membrane and is then hydrolysed by intracellular esterases to produce w x Ž . fluorescein 16 . Propidium iodide PI, Sigma; 3 mgrml can be used as a marker for dead cells as it passes through damaged membranes and interacts with the DNA and w x RNA to fluoresce red 16 . After a typical experiment lasting 5-8 h, the lumbar spinal cord was isolated and embedded in 2.5% agar in regular aCSF. After allowing the agar to gel, a block of tissue in agar was mounted in a Leica VT 1000E vibrating microtome and cut into 200 mm slices. The slices were transferred to a 5-ml dish filled with oxygenated regular aCSF. Both FDA and PI were added to the dish and incubated for 10 min. The slices were then washed with oxygenated regular aCSF at least 3 times.
Ž . Photomicrographs using fluorescein green, live cell or Ž . rhodamine red, dead cell epifluorescence were used to examine the viability of the spinal cords.
Results
Ž
. Balbrc mice n s 30 from P7 to P15 were observed to determine the age at which their motor systems are functionally mature, as defined above. At P8, five of five mice were unable to weight bear and walk with their abdomens suspended, even in response to stimuli such as tail-pinch-Ž ing. At P9, four of six animals could walk for a few three . to four steps with their abdomens off the ground in response to tail pinch. At P10, four of four mice could walk in response to a mild touch to the skin. All 15 mice older than P10 could walk on their own.
Live cell-dead cell assay was used in two spinal cords Ž . Ž P20 and P22 . 
Pharmacologic activation of spinal cord networks was produced by the application of various neuroactive substances to the bath. Activity could be recorded for at least 12 h, and would sometimes appear to improve over time.
Ž Fig. 2A , . left panel; n s 27 . Higher concentrations of these two Ž . neurotransmitters 60 mM 5-HT and 50 mM NMDA inconsistently produced some rhythmic activity as shown Ž . in the example in Fig. 1A n s 2 . Similar to the neonatal w x rat preparation 9 , the glycine receptor antagonist strychnine together with NMDA consistently produced low fre-Ž . quency synchronous bursting bilaterally n s 10; Fig. 1B . In most cases, the burst intervals were irregular.
In the in vitro neonatal rat preparation, bath application of 5-HT and NMDA consistently produces alternating Ž . Ž rhythmic locomotor-like activity in the ventral roots see x. Ž Refs. 8,18 . In the neonatal mouse up to postnatal day . 6 , the application of various concentrations of these two drugs does not evoke regular rhythmic alternating activity Ž . Fig. 2A , left panel . However, the application of dopamine Ž . Ž . Ž 50 mM , in addition to 5-HT 10 mM and NMDA 5 . mM produced very consistent, rhythmic alternating loco-Ž motor-like activity Fig. 2 , right panel; two of two ani-. mals . The combination of any two of the three chemicals Ž . failed to induce rhythmic activity Fig. 2 , left panel . Rhythmic firing was also produced by this combination at Ž . P9 n s 1 , and in four of 10 animals older than P10 Ž . functionally mature . In two of four of these animals, sustained alternating rhythmic activity could be elicited Ž . from bilateral ventral roots Fig. 3 . In the remaining six of 10 animals, tonic activity only was produced.
The VLF has been shown to contain an important w x descending pathway for the initiation of locomotion 25 . For this reason, experiments were conducted to demonstrate that this pathway remains viable in this preparation. Stimulation of the VLF in the mid-thoracic cord produced short and long latency responses in the lumbar ventral Ž . Ž roots n s 3; Fig. 4A . Both short latency likely monosy-. Ž . naptic and longer latency polysynaptic responses were Ž . elicited in the ipsilateral ventral root Fig. 4A-1 . Following bath application of strychnine, the short latency response was unchanged but the longer latency response was w x enhanced 30 . A long latency response was also seen in Ž . the contralateral side Fig. 4A-2 .
Ž . Segmental reflexes were also elicited n s 6 . Fig. 4B Ž . shows an example of segmental reflexes before Fig. 4B-1 Ž . and after Fig. 4B-2 bath application of strychnine. These reflexes typically had latencies of about 20 ms-far too long to be considered monosynaptic. In only one of six preparations in which segmental reflexes were investigated could monosynaptic reflexes be seen in the whole spinal cord. In the remaining five animals, only polysynaptic reflexes were recorded. There was no difference in the age or preparation of these latter spinal cords compared with the one in which monosynaptic reflexes were recorded. w x Bagust and Kerkut 2 reported that in isolated hamster spinal cords, only polysynaptic reflexes could be elicited in some of the older animals. The fact that monosynaptic reflexes have been demonstrated in reports from hemisected spinal cords led us to hemisect three of the five whole cords in which no monosynaptic reflex was produced. In all three animals, monosynaptic reflexes were Ž . seen following longitudinal midline hemisection Fig. 4C . In none of these animals, however, could the monosynaptic reflex be produced at lower stimulating strengths than the polysynaptic reflexes.
Discussion
This study describes an isolated in vitro mouse spinal cord preparation which can be used to study spinal cord networks in a motor functionally mature mammal. It was felt that the development of this preparation was necessary because it not only allows the study of the physiology of mature spinal cords, but it will allow for the study of networks and properties in transgenic animals. Using a live cell-dead cell assay, the viability of a preponderance of spinal cord cells is seen. Physiologic viability is demonstrated using stimulation of descending and segmental pathways as well as activation of intrinsic spinal cord networks. We defined a 'motor functionally mature' mouse as being that which can weight bear and walk with the ventral surface of its body above the ground. The development of overground locomotion in the rat has been studied by w x Westerga and Gramsbergen 29 . They demonstrated that walking with the ventral surface off the ground was first seen at postnatal day 11. Careful observation of many litters of balbrc mice has shown that at postnatal day 10 they can walk freely across smooth surfaces with their bodies off the ground. These mice have not yet weaned; they are by definition not fully mature. However, for the study of motor systems, there is no question that this developmental stage is sufficient to support overground locomotion.
Isolated in vitro mammalian spinal cords were first w x described in the neonatal rat 21 . This preparation has since been used extensively to study spinal cord networks w w x x eg., Refs. 10,18 , but seems to be limited to rats less than about 7 days of age-animals which are not yet capable of weight bearing or walking. This age range can be extended w x by using hemisected preparations 19 but this precludes the study of networks involving the whole cord, such as locomotor networks. w x Bagust and Kerkut 2 were successful in developing a whole isolated spinal cord preparation from juvenile hamsters weighing up to 40 g. To our knowledge, this preparation has not been used for the study of motor systems. Previous studies using the mature mouse have mainly used w x hemisected preparations 2,4,11,24 . In fact, even isolated whole spinal cords from neonatal mice have rarely been w x used 5,23 .
There is little question that, in our hands, motor activity is more difficult to produce in the functionally mature isolated mouse spinal cord than in the neonatal rat in vitro cords. There is a significant learning curve, and meticulous attention must be paid to all points in the isolation of the cord. In addition to the difficulty in isolating a viable spinal cord in the functionally mature animal, there are several possible explanations for the fact that motor activity is difficult to produce in this preparation. Firstly, the pharmacology of locomotion seems to be different in the mouse than in the rat. The most consistent rhythmic alternating activity in the mouse spinal cord requires dopamine Ž . in addition to 5-HT and NMDA Figs. 2 and 3 . This is in keeping with the cat, in which catecholaminergic neurotransmission can elicit locomotor activity, as demonstrated w x by the intravenous administration of L-DOPA 14 or by w x topical application of noradrenaline 17 .
Secondly, the developmental changes of both cellular and network properties in the postnatal period must be considered, as they are not fully understood. It has been shown that calcium channel subtypes undergo profound changes between postnatal days 3 and 6 in rat hypoglossal w x w x motoneurons 28 and in cultured spinal motoneurons 20 . Preliminary in situ evidence demonstrates that L-type calcium channels are developing in the first 2 postnatal weeks Ž . in mouse spinal cord motoneurons unpublished data . As L-type calcium currents are likely important in the producw x tion of locomotor output in the adult cat 7 , it is certainly conceivable that developmental changes in these or other channels could alter the pharmacologic manipulation required to produce rhythmic output. There are also developmental changes in other important systems such as dew x scending serotonergic pathways 27 or 5-HT receptors w x 26 .
Interestingly, in five out of six preparations, a monosynaptic reflex could not be elicited by dorsal root stimulation in the whole cord, but was elicited at identical current Ž . strengths in the hemisected cord three of three animals . The simplest explanation for this finding is that there is tonic presynaptic inhibition originating in the contralateral cord and projecting either directly or indirectly to Ia afferent terminals. Further experiments are necessary to determine if this is in fact the case.
This study demonstrates that spinal motor networks, reflexes, and descending systems can be studied in an isolated spinal cord of a motor functionally mature mouse. This could be useful on the study of the development and the physiology of spinal networks in these animals.
